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BiFeO3-based composite films with excess iron content were fabricated, and the dependence of their
magnetic and ferroelectric properties on the excess iron content was systematically investigated.
Structural and magnetic analyses indicated that the specimens might be composed of large
antiferromagnetic BiFeO3 grains and small ferromagnetic component. When the iron content was
increased, saturation magnetization Ms increased and remanent polarization decreased.
Antiferromagnetic coupling Hex between the antiferromagnetic BiFeO3 grains and the
ferromagnetic grains was observed at 10 K. It was revealed that grain growth is the key to
increasing Ms and Pr and observing Hex at room temperature in BiFeO3-based composite films.
© 2009 American Institute of Physics. DOI: 10.1063/1.3055284
I. INTRODUCTION
Perovskite BiFeO3 is a rare multiferroic material that
possesses both a ferroelectric order1 TC=1123 K and a
magnetic order2 TN=653 K above room temperature. The
ferroelectricity of BiFeO3 has attracted much attention due to
its high remanent polarization of 50–100 C /cm2. In con-
trast, pure BiFeO3 does not exhibit high spontaneous magne-
tization because of its antiferromagnetic spin configuration;
it does not show strong coupling between magnetic moment
and ferroelectric moment, so-called magnetoelectric ME
effect.3,4 Antiferromagnetic coupling in CoFeB /BiFeO3 bi-
layers due to the antiferromagnetism of BiFeO3 has been
observed.5 We expect that antiferromagnetic coupling can be
controlled by applying an electric field; this is one of the
novel concept of the ME effect exchange ME effect.6 In
our previous study,7 we fabricated BiFeO3 films with excess
iron content in order to produce ferromagnetic-
antiferromagnetic BiFeO3 composite films of granular type
and observed the exchange ME effect. However, when the
iron content was increased, impurity phases of Bi2Fe4O9 py-
rochlore and -Fe2O3 were formed; these phases degraded
not only the ferroelectric properties but also the insulating
property of the films. In the present study, the formation of
impurity phases in BiFeO3 films with excess iron content
was suppressed by optimizing the annealing condition and
annealing atmosphere. The dependence of the ferroelectric
and magnetic properties on the excess iron content was sys-
tematically investigated. Two phenomena occurring in these
films are expected: 1 increase in saturation magnetization
without degrading both the ferroelectric properties and the
insulating property, and 2 ME coupling occurring through
antiferromagnetic coupling between ferromagnetic grains
and antiferromagnetic BiFeO3 grains.
II. EXPERIMENTAL PROCEDURE
BiFeO3 films with excess iron content BiFexO3 0x
1.3 t=150 nm were fabricated on the
Pt /Ti /SiO2 /Si100 substrates by a chemical solution depo-
sition CSD method, followed by postannealing at 823 K
for 10 min in air. The excess iron content was adjusted by
changing the composition ratio of Bi and Fe in a precursor
solution. The film structure was confirmed by conventional
 /2 x-ray diffraction XRD and atomic force microscopy
AFM. The ferroelectric properties were estimated at room
temperature and 90 K by ferroelectric testers TOYO Corpo-
ration FCE-1A and aixACCT TF-2000. The leakage current
was measured at room temperature by a picoampere meter.
The magnetic properties were measured at room temperature
by using vibrating sample magnetometer, and low tempera-
ture by superconducting quantum interference device.
III. RESULTS AND DISCUSSION
Figure 1 shows XRD patterns of the BiFeO3 films with
excess iron content BiFexO3 0x1.3. Diffraction
peaks due to the BiFeO3 SG: R3c structure could be ob-
served and secondary phases were not apparently observed at
the iron content x ranging from 0 to 1.3. No shift of the
diffraction peak was observed when the iron content was
increased; this result indicates that excess iron was not sub-
stituted by Bi in the A site. In our previous study,7 secondary
phases of Bi2Fe4O9 pyrochlore and -Fe2O3 were formed
together with BiFeO3 when annealing was performed at
923 K for 30 min with flowing oxygen gas. In this case,
excess iron reacted with oxygen and formed these secondary
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phases. In the case of the specimens used in this study, ex-
cess iron did not react strongly with oxygen, and grains were
not agglomerated because annealing was performed in air at
low temperature. Figure 2 shows AFM images of the films.
The grain size in the in-plane direction decreased when the
iron content was increased.
Figure 3 shows leakage current curves of the BiFexO3
0x1.3 films, measured at room temperature. The
mechanism of leakage current of the BiFeO3 films was pro-
duced as follows: Ohmic conduction in a low electric field
region I and Poole–Frenkel PF trap-limited conduction
occurred as the electric field increased II, and space-
charge-limited current was produced in a high electric field
region III. These mechanisms of the production of leakage
current were consistent with those observed in our previous
study.3 In the case of the BiFeO3 films with excess iron con-
tent, the mechanism of leakage current was produced only
due to the PF trap-limited conduction appearing in a wide
electric field range, and the leakage current density increased
slightly.
Figure 4 shows ferroelectric hysteresis P-E loops mea-
sured at room temperature Figs. 4a–4c and 90 K Figs.
4d–4j for the BiFexO3 0x1.3 films. At room tem-
perature, the P-E loops were spherical due to the influence of
the large leakage current components. In order to suppress
the leakage current, the P-E loops were measured at low
temperature. At 90 K, the P-E loops became square in shape.
The remanent polarizations decreased when the iron content
was increased when comparing at 1.66 MV /cm. As shown in
the AFM images Fig. 2, the grain size was reduced when
excess iron was added. In our previous study,8 the domain
switching field in polycrystalline pure BiFeO3 films in-
creased with a decrease in the grain size. Therefore, it can be
considered that domain switching was prevented by the re-
duction in the grain size caused by the addition of excess
iron. These results indicate that grain growth of BiFeO3 is
necessary to obtain a high remanent polarization.
Figure 5 shows magnetization M-H curves of the
BiFexO3 0x1.3 films measured at room temperature.
The magnetization of the nominally stoichiometric BiFeO3
films was small, and it tended to increase linearly due to their
FIG. 3. Color online Leakage current curves of BiFexO3 0x1.3 films
measured at room temperature.
FIG. 4. Color online Ferroelectric hysteresis P-E loops measured at
room temperature a–c and 90 K d–i for BiFexO3 0x1.3
films.
FIG. 1. XRD patterns of the BiFeO3 films with excess iron content BiFexO3
0x1.3.
FIG. 2. Color online AFM images of BiFexO3 0x1.3 films.
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antiferromagnetic spin structure. When excess iron was
added, the magnetization increased monotonically up to x
=1.30; this result indicates that ferromagnetic grains were
formed after the addition of excess iron. However, the M-H
curves did not show a coercive field, and their shape was
similar to that of M-H curves of superparamagnetic materi-
als. As mentioned above, the diffraction peaks due to iron
and/or iron oxide could not be observed in the XRD charts.
Therefore, it can be considered that the addition of excess
iron might have resulted in the formation of the small grains
that could not be detected by conventional  /2 XRD mea-
surement. Antiferromagnetic coupling between ferromag-
netic grains and antiferromagnetic BiFeO3 grains can be an-
ticipated. In order to observe exchange bias, a specimen was
annealed above the Néel temperature of BiFeO3 under a
magnetic field of 10 kOe.
Figure 6a shows a normalized M-H curve of BiFe1.3O3
film heated at 673 K under a uniaxial magnetic field of
10 kOe after crystallization annealing at 873 K. No shift of
the M-H curve against the magnetic field axis was observed
at room temperature, which indicates that the specimen did
not exhibit antiferromagnetic coupling at room temperature.
As mentioned above, ferromagnetic grains behave as super-
paramagnets at room temperature. Therefore, the M-H curve
was measured at a low temperature to suppress the thermal
fluctuation of the ferromagnetic component. The magnetic
field of 10 kOe was applied during the cooling process, and
the result thus obtained is shown in Fig. 6b. The M-H
curve showed coercive field at 10 K. The appearance of fer-
romagnetism at 10 K was attributed to the suppression of the
thermal fluctuation of the small grains. A shift of the M-H
curve could be observed at 10 K; it could be attributed to
antiferromagnetic coupling between the antiferromagnetic
BiFeO3 grains and ferromagnetic grains. The exchange bias
was 0.3 kOe at 10 K. In order to induce antiferromagnetic
coupling above room temperature, it is necessary to carry out
grain growth by increasing the iron content and/or increasing
the annealing temperature. However, further investigation of
the film microstructure by using transmission electron mi-
croscopy is necessary for clarifying the origin of antiferro-
magnetic coupling.
IV. CONCLUSIONS
The BiFeO3 films with excess iron content were fabri-
cated on the Pt /Ti /SiO2 /Si100 substrates by the CSD
method, and following results were obtained. When the an-
nealing atmosphere was changed from oxygen to air, only
diffraction peaks due to the BiFeO3 structure could be ob-
tained and the formation of secondary phases such as pyro-
chlore and iron oxide was suppressed. When the iron content
was increased, the remanent polarization decreased due to an
increase in the domain switching field caused by a decrease
in the reduction of grain size. It was revealed grain growth of
BiFeO3 is necessary to obtain a high remanent polarization.
The saturation magnetization monotonically increased with
the iron content. The ferromagnetic grains were exchange
coupled with the antiferromagnetic BiFeO3 grains at low
temperature, although antiferromagnetic coupling could not
be observed at room temperature because small grains be-
have as superparamagnets at room temperature. In conclu-
sion, the grain growth of both ferromagnetic grains and an-
tiferromagnetic BiFeO3 grains is necessary to obtain a high
remanent polarization for observing antiferromagnetic cou-
pling at room temperature.
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FIG. 5. Magnetization M-H curves of BiFexO3 0x1.3 films mea-
sured at room temperature.
FIG. 6. Normalized M-H curve of BiFe1.3O3 film measured a at room
temperature and b at 10 K. A specimen was heated at 673 K under a
uniaxial magnetic field of 10 kOe after crystallization annealing at 873 K.
The specimen was cooled under the magnetic field of 10 kOe before mea-
suring the M-H curve at 10 K.
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